We describe a new member of the human Factor H protein family, termed Factor H-related protein 4A (FHR-4A). The corresponding cDNA sequence was isolated and encodes a secreted protein of 559 amino acids, with a predicted molecular weight of 63.2 kDa. Apparently, this novel cDNA is derived from the human FHR-4 gene. Genetic analysis shows that the human FHR-4 gene is composed of 10 coding exons, and two distinct mRNA transcripts are derived from this gene by alternative splicing. The short FHR-4B form represents a truncated variant and encodes a secreted protein of five domains (previously termed FHR-4). The long transcript encodes the novel FHR-4A protein that is composed of nine complement control protein (CCP) domains. A unique feature of FHR-4A is the tandem arrangement of four CCP domains forming a 'natural dimer' of the short isoform. The FHR-4A protein is identified in human plasma as a 86 kDa protein. The difference between the predicted and observed molecular masses is explained by glycosylation. Comparison of the deduced protein sequence of FHR-4A with peptides from a 86 kDa apolipoprotein described by us earlier suggests that the long form, FHR-4A, represents this apoprotein. In summary, FHR-4A is a new Factor H-related protein with a unique domain composition, that is, an internal duplication of four CCP domains. To our knowledge, FHR-4A provides the first evidence for alternative splicing among Factor H-related genes.
Introduction
The human Factor H protein family consists of seven related plasma proteins: Factor H, Factor H-like protein-1 (FHL-1) and five Factor H-related proteins (FHR-1, FHR-2, FHR-3, FHR-4 and FHR-5). All members of this protein family share structural and most likely functional similarities. They (i) represent secreted plasma proteins, (ii) are exclusively composed of conserved protein domains termed complement control protein modules (CCPs), (iii) are synthesized primarily by hepatocytes and (iv) are immunologically related to each other and to Factor H. 1 The five FHR proteins share sequence similarity of their individual CCP domains, and based on this similarity the proteins can be divided into three distinct subgroups: (i) FHR-1 and FHR-2, (ii) FHR-3 and FHR-4 and (iii) FHR-5.
Factor H and FHL-1 are both derived from the human Factor H gene by alternative splicing. 2 The FHL-1 protein represents the first seven CCP domains of Factor H and has four unique amino acids at the C-terminus. All FHR proteins are encoded by separate genes, which similar to the Factor H gene are located in the regulators of complement activation (RCA) gene cluster on the long arm of human chromosome 1 (1q32). 3 -6 With one exception each domain of the Factor H family members is encoded by a unique exon, indicating exon shuffling and duplication events as a basis for the diversity of this gene family. The structure of the FHR-4 gene has not been analysed so far. Factor H and FHL-1 act as important complement regulators, however, the biological function(s) of the FHR proteins is currently unknown. The structural similarity and the sequence identity of individual protein domains suggest overlapping function(s) of FHR proteins and activities shared with the complement and immune regulator Factor H. 7 FHRs and Factor H bind the same ligands, as demonstrated for C3b (FHR-1, FHR-3, FHR-4 and FHR-5), 8 -10 heparin (FHR-1 and FHR-3, FHR-5), 8, 9, 11, 12 Creactive protein (FHR-3 and FHR-4) 13 and some subtypes of the streptococcal M protein (FHR-3). 14 FHR-1, FHR-2 and FHR-4 as well as Factor H are present in plasma lipoproteins and FHR-5 has been found in kidney glomerular complement deposits. 15 FHR-3 and FHR-4 enhance the cofactor activity of Factor H, most likely by changing the conformation of C3b. 9 A relatively weak cofactor activity has been reported for the FHR-5 protein. 12 FHR proteins are conserved in evolution and are present in other vertebrates. 16 -20 The conservation in evolution suggests an early and important role at least for some FHR proteins. Recently, a 86 kDa human plasma and apolipoprotein was identified, purified and the sequence of six tryptic peptide fragments was determined. 21 The derived peptide sequences showed high similarity but not complete identity to the FHR-4 protein. 
Materials and methods

Library screening
A human liver cDNA library (Stratagene) was screened with a probe representing the FHR-4B cDNA. This probe was labelled with 32 P-dCTP (Amersham) using the High Prime DNA Labelling kit (Roche). The library was plated on LBagar plates and filter lifts (Hybond-N membranes, Amersham) were performed according to standard procedures. The labelled probe was added O/N in 10 Â Denhardt's, 1 Â HEPES solution containing 100 mg/ml herring sperm DNA (Sigma) at 651C with shaking. The filters were extensively washed with 2 Â SSC containing 0.1% SDS, dried and exposed to Kodak XAR-5 films (Sigma) at -701C using intensifier screens. Positive clones were isolated, rescreened, and the cDNA inserts were sequenced as recommended. Figure 1a .
PCR
In silico analysis The sequences of the clones obtained from the library screening and from the PCR reactions were compared to database sequences via blastn (National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov). The individual CCP domains of FHR-4A were aligned using the ClustalW program at the European Bioinformatics Institute (http://www.ebi.ac.uk). The sequence comparisons were performed using the blastp program to compare individual CCP domains to each other. For sequence analysis and handling the GenoDB program was used. The protein sequences used for comparison were from the National Center for Biotechnology Information (http:// www.ncbi.nlm.nih.gov) protein sequence databank, Factor H (CAA68704), FHR-1 (CAA39666), FHR-2 (CAA60375), FHR-3 (CAA48639), FHR-4 (CAA66980), FHR-5 (AAK15619) and the mouse FHR protein (sequence originally compiled from clones 3A4 and 5G4, AAA37415). The nucleotide sequences were FHR-4 (X98337) and the mouse FHR protein 3A4/5G4 (M29010).
The molecular mass and pI value for FHR-4A were calculated using the relevant programs at the Expert Protein Analysis System (ExPASy) proteomics server of the Swiss Institute of Bioinformatics (http://us.expasy.org/).
For genomic analysis three contigs were used from the Human Genome database (http://www.ncbi.nih.gov/Genomes). The chromosome 1 fragment BX248415 contains the N-terminal part of FHR-4A (exons coding for signal peptide, CCPs 1 -5). The chromosome 1 sequence AL139418 begins with the C-terminal part of the FHR-4 gene (exons coding for CCPs 5 -9 and 3 0 UTR) and overlaps with the previous sequence. The genomic contig NT_004671 was used to confirm the FHR-4A sequence and to analyse the exon -intron structure of FHR-4A. The chimpanzee chromosome 1 sequence was downloaded from http://genome.ucsc.edu.
Western blotting
Human plasma (1 ml) was separated by SDS-PAGE under nonreducing conditions and transferred to nitrocellulose membrane. The membrane was blocked in 3% skim milk and developed using rabbit polyclonal FHR-4B antiserum (1:1000 dilution) 21 or Factor H-specific goat antiserum (Calbiochem) with the corresponding HRP-conjugated secondary antibodies (DAKO, diluted 1:1000) by the addition of 0.3% (wt/vol) 4-chloro-1-naphtol (Sigma-Aldrich) as chromogen. To study the N-attached glycan chains in FHR-4A, human plasma was incubated with 1 U of Nglycosidase F (Roche) overnight at 371C, then blotted and developed with anti-FHR-4B antibody as described above.
Results
Identification of a Factor H-related cDNA
In order to identify new Factor H-related protein(s), a human liver cDNA library was screened with a probe representing FHR-4B. One clone termed 8/I was isolated and sequenced. The sequence of this clone was highly similar to, but clearly distinct from the 5 0 region of the FHR-4B cDNA. The remaining part of the novel cDNA was amplified by specific primers (Figure 1a) . In addition, a full coding sequence was amplified using primers specific to the 5 0 (primer R6F1) and 3 0 (primer R6R2) untranslated regions. The full-length cDNA sequence is 2030 The secreted protein has a length of 559 amino acids and is exclusively composed of nine CCP domains. Each domain has the four essential Cys residues and includes additional conserved amino acids (Figure 2a ). Homology comparison of the individual domains to each other reveals an internal duplication of four CCP domains (Figure 2b ). Domains 1 -4 (repeat A) display striking similarity to domains 5 -8 (repeat B). These CCP domains show a strong similarity to other FHR proteins, particularly to FHR-4B and to Factor H. Thus, we conclude that the sequence represents a novel FHR protein, which, based on the strong sequence similarity and genetic analysis (see below) is termed FHR-4A. On the amino-acid level, CCP domain 1 of FHR-4A shows 98% identity to domain 1 of FHR-4B, these domains differ in five nucleotides and one single amino acid. CCP domains 6 -9 of FHR-4A are identical to domains 2 -5 of the FHR-4B protein. The individual domains of the repetitive motif of FHR-4A protein show the strongest homology to domains 6, 8, 9 and 19 of Factor H. Domains 8 and 9 of FHR-4A show strong similarity (i.e 63 and 39% identity) to the two most C-terminal domains of Factor H, that is, CCP domains 19 and 20 (Table 1) .
These analyses indicate that FHR-4A is highly related to FHR-4B. Therefore, we examined whether FHR-4A might represent the 86 kDa plasma apolipoprotein that was originally isolated from human chylomicrons. 21 Six tryptic peptide fragments of the 86 kDa plasma apolipoprotein 21 show a complete match with the sequence of the predicted CCP1  CCP2  CCP3  CCP4  CCP1  CCP2  CCP3  CCP4  CCP5   72  62  67  63  72  63  64  63  39  FH  CCP6  CCP8  CCP9  CCP19  CCP6  CCP8  CCP9  CCP19  CCP20   45  63  47  63  38  FHR-1  CCP1  CCP4  CCP1  CCP4  CCP5   43  62  45  69  48  FHR-2  CCP1  CCP3  CCP1  CCP3  CCP4   73  91  86  73  100  98  93  FHR-3  CCP1  CCP3  CCP4  CCP1  CCP3  CCP4  CCP5   45  66  47  66  58  FHR-5  CCP1  CCP8  CCP1  CCP8  CCP9   100  100  100  100  100   100  100  99 Individual domains of FHR-4A were compared to CCP domains of related FHR proteins (identity shown in %). Domains of FHR-4A that are identical or most similar to domains of FHR-4B are indicated by boxes. Identical residues are indicated as dots. Above the CCP domains six peptide sequences (labelled with Roman numbers) are shown that are derived from the 86 kDa plasma apolipoprotein. 21 The amino acids in these peptides that match specifically to the FHR-4A sequence are shown inverted. 'X' indicates an unidentified residue. Note that peptide I spans CCP 4 and CCP 5. 
Expression of FHR-4A in human plasma
Expression of the FHR-4A protein in human plasma was analysed by SDS-PAGE and Western blotting, using a polyclonal antiserum raised against recombinant FHR-4B. Under nonreducing conditions a band of 86 kDa representing FHR-4A was identified (Figure 4a, lane 1) . The smaller band of ca. 45 kDa most likely represents the monomeric native FHR-4B protein. To prove glycosylation of the FHR-4A protein and to explain the difference between the observed and the calculated molecular masses, a serum sample was incubated with N-glycosidase F (PNGase). Upon PNGase treatment the mobility of FHR-4A was increased and the protein appeared as a doublet (Figure 4a, lane 2) . FHR-4A is the dominant FHR-4 isoform in plasma (Figure 4b, lane 1) . As a control, a Factor Hspecific antiserum that identified the 150 kDa Factor H protein, FHL-1 and the two forms of FHR-1 was used (Figure 4b, lane 2) . This antiserum reacted weakly with both FHR-4A and FHR-4B. Levels of FHR-4A and FHR-4B vary in plasma derived from different individuals (Figure 4c ).
The human FHR-4 gene: in silico genomic analysis
The FHR-4 gene is contained in a contig derived from human chromosome 1 (NT_004671, GI 29793399). The FHR-4 gene is positioned within the RCA gene cluster between the FHR-1 and FHR-2 genes (Figure 5a ). The gene is organized in 10 exons (shown in black in Figure 5 ), representing the signal peptide and the nine CCP domains that all show a phase 1 -1 organization (Table 2) . Apparently, FHR-4A and FHR-4B share six exons and are derived from the same gene by alternative splicing. The one aminoacid difference in CCP 1 might be due to polymorphism as in the genome no additional exon variant or related gene can be found. Exon II was sequenced from 10 individuals and the sequences were identical (data not shown).
A detailed analysis of the intronic regions revealed between exon I and exon II a sequence homologous to CCP domain 5 of Factor H. Similarly, within the introns spanning exon II and exon III and between exon VI and exon VII sequences homologous to CCP domain 7 of Factor H were identified. However, these three exons are noncoding since on the protein level they each lack one of the essential Cys residues characteristic to CCP domains and necessary for proper disulphide bridge formation and folding. These sequences are indicative of the duplication event which gave rise to the FHR-4 gene. The sequences related to CCP 5 and 7 of Factor H are also identified in the human EST clone Hs1 4828 33 43 1 (Figure 5b) .
The FHR-4 gene is conserved in evolution. The CCP composition of a mouse FHR protein identified on the cDNA level (clone 3A4/5G4) 17 shows a rather similar domain structure as the human FHR-4 gene. The mouse transcript includes the two CCP-related sequences that are found in FHR-4 introns, but represents a monomeric form prior to the internal duplication event (Figure 5b ). In addition, CCP sequences almost identical to the CCP domains 1 -3, 5, 6 and 9 of FHR-4A are found in the chimpanzee genome (Figure 5c ).
Discussion
In this report, we show that the human FHR-4 gene codes for at least two proteins. The long isoform described here is a novel member of the human Factor H protein family and is termed FHR-4A. The previously described FHR-4 protein represents the short isoform and is now termed FHR-4B. The FHR-4A cDNA is expressed in the liver and the protein is composed of nine CCP domains (Figures 1 and 2) . The individual domains show high similarity to each other and to other FHR proteins (Table 1 and Figure 3 ). The internal similarity of the FHR-4A CCP domains reveals a duplication of two consecutive motifs, each of four CCP domains in length (Figure 3) . This is the first example of a tandem repeat motif in a Factor H-related protein.
The FHR-4A protein is a plasma glycoprotein as confirmed by Western blot analysis (Figure 4) . Six tryptic peptide fragments (described earlier 21 ) derived from a 86 kDa apolipoprotein show a perfect match with the predicted FHR-4A protein sequence (Figure 3 ), confirming the existence of FHR-4A. The perfect match of these peptides with the FHR-4A protein and the mismatches with the FHR-4B protein indicate that the FHR-4A cDNA The human FHR-4 gene was analysed using a bioinformatics approach. This gene has 10 exons ( Figure 5 and Table 2 ). Both FHR-4A and FHR-4B are encoded by the FHR-4 gene and their transcripts are derived by means of alternative splicing. The FHR-4A and the FHR-4B cDNAs share six exons (I, II, VII -X) and the protein products share CCP domains 1 and 6 -9 (shown in black in Figure 3 ). Exon II was sequenced from genomic DNA of 10 individuals and no sequence variations were observed (data not shown). In the human genome sequence only this exon is identified by database search, confirming the model of alternative splicing. Therefore, the five nucleotide differences in CCP 1 of FHR-4A compared to the previously reported FHR-4B cDNA sequence are likely due to polymorphism.
Within three introns of the FHR-4 gene, sequences that are homologous to CCP 5 and CCP 7 of factor H are present and are indicative of a duplication event ( Figure 5 ). These sequences show relatively weak similarity (ca. 40%) to the corresponding sequences in Factor H. Using specific primers incorrectly spliced transcripts of the FHR-4 gene that contain these CCP-related sequences and intronic sequences of various lengths have been amplified from liver cDNA (data not shown). Likewise, in EST database a sequence that includes CCP 5-and CCP 7-homologue sequences is present (Figure 5b) . A splice variant of FHR-4A which lacks the first 24 nucleotides of CCP 1 was also amplified by PCR. This eight amino acid-long deletion is due to the presence of a cryptic splicing site in CCP 1 (gtg aaa cct tgt gat ttt cca gaa att).
The human FHR-4 gene is highly related in structure and sequence to a mouse protein encoded by two cDNA clones named 3A4 and 5G4 (Figure 5b) . 17 This mouse cDNA codes for domains homologous to CCP domains 5 -9 and 19 -20 of Factor H. The signal peptide of human FHR-4 is more similar to the signal peptide of this mouse FHR protein (58% identity) than to the signal peptide of mouse or human Factor H (both 42%). The structural and sequence similarities between the mouse and the human FHR proteins indicate a conservation and evolution independent of Factor H. In addition, a homologue of the FHR-4 gene is identified in the chimpanzee genome (Figure 5c ). Expression of the FHR-4A mRNA was previously shown by Northern blot analysis of human liver mRNA. 21 An FHR-4B fragment hybridized to mRNA species of 1.4, 2.2 and 3.5 kb, demonstrating expression of three distinct FHR-4-related transcripts. 21 The 1.4 kb mRNA represents FHR-4B, and based on the length of the FHR-4A cDNA it is suggested that the 2.2 kb species corresponds to FHR-4A. The nature of the 3.5 kb species is yet unknown. In summary, by combining experimental data with data mining, we identified and characterized FHR-4A, a novel member of the Factor H protein family. In addition, the structure of the FHR-4 gene was analysed and shown to code for two FHR-4 isoforms, providing the first evidence for alternative splicing among the FHR genes. The amino-acid positions and the coded protein domains refer to the long isoform, that is, FHR-4A.
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